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ABSTRACT

The Air Force Research Lab has developed a configurable, two-dimensional, thermal model to predict laser-tissue inter-
actions, and to aid in predictive studies for safe exposure limits. The model employs a finite-difference, time-dependent
method to solve the two-dimensional cylindrical heat equation (radial and axial) in a biological system construct. Tissues
are represented as multi-layer structures, with optical and thermal properties defined for each layer, are homogeneous
throughout the layer. Multiple methods for computing the source term for the heat equation have been implemented,
including simple linear absorption definitions and full beam propagation through finite-difference methods.

The model predicts the occurrence of thermal damage sustained by the tissue, and can also determine damage thresholds
for total optical power delivered to the tissue. Currently, the surface boundary conditions incorporate energy loss through
free convection, surface radiation, and evaporative cooling. Implementing these boundary conditions is critical for correctly
calculating the surface temperature of the tissue, and, therefore, damage thresholds. We present an analysis of the interplay
between surface boundary conditions, ambient conditions, and blood perfusion within tissues.

Keywords: skin, laser damage, modeling, surface boundary conditions, heat transfer

1. INTRODUCTION

The theoretical understanding of laser-tissue interactions is critical to the establishment of exposure limits. ' Our group
has pursued the goal of understanding light propagation, 2 3 heat transfer, and a number of damage mechanisms 4-6 in both
the eye and skin. Recently, we have focused on revisions of ANSI infrared exposure limits to more accurately reflect the
trends in biological response. 7- 9 This has led to a need for close examination of strongly absorbed frequencies both in the
infrared (IR) and the terahertz (THz) region 10 of the electromagnetic spectrum. 7, 11, 12 In these regions, absorption depth
of the incident radiation can be extremely shallow.' 3 We have speculated that boundary conditions must be accurately
represented in order to correctly predict the temperature response, and subsequent damage thresholds.

2. METHODS
We have developed a model to solve the two-dimensional, time-dependent heat equation using a finite-differencing scheme.
Laser-tissue interaction is modeled using Beer's Law and linear absorption coefficients. The model is being used to predict
thermal response, damage, and damage thresholds of various biological tissues exposed to laser radiation. We describe
a subset of the model's capabilities, focusing on the surface boundary implementation and its effect on both temperature
response and damage predictions.

Current configuration abilities allow us to model a multi-layer material of infinite radial extent. Each layer may have
its own unique thermal and optical properties. Figure 1 pictures an illustration of how a sample is represented in the model.
We assume azimuthal symmetry and solve the heat equation at 0 = 0, for r = 0 " rmax and Z = Zmi, - z,,. The "ghost"
image on the left-hand side of Figure 1 signifies that the space is not calculated, but is found by reflecting the solution on
the right-hand side across r = 0.

Surface boundary conditions not only effect the temperature response of the tissue, but the predicted damage for a given
laser exposure. We initially intended to investigate the effect of surface boundary conditions on the damage threshold, and
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Figure 1: Illustration of how the model represents a sample and laser exposure. Only the right-hand side (r > 0) is actually
calculated.

determine for what absorption coefficients it becomes important. However, our modeling shows a significant effect across
the range of all absorption coefficients we modeled, which are typical of biological tissue.

We also discuss the importance of including perfusion when modeling damage in biological tissues with a blood flow
and a surface boundary condition. It is generally accepted that perfusion is not important for calculating damage, except
at long exposure durations.' 4 This is true for tissues like the retina that have no surface boundary, but we will show that
perfusion greatly impacts the equilibrium temperature distribution of a tissue with surface boundaries.

2.1. 2-D Cylindrical Heat Equation and Boundary Conditions

The Heat Equation is:
aT

PC- = V. KVT + A

where T is the temperature, p is the density, c the specific heat, K the conductivity, and A is a source term(s). Working in
2D cylindrical coordinates and temperature rise, rather than absolute temperature, we can express the Heat Equation as:

p(z)c(z) a(z, r; t) K(Z) av(z, r;t) a 8( ra), r;
at r Or Or O

+ a (K,) v(z, r; t))+Azr;t
+--z aZ)Z + azr;,

where v is the temperature rise and p, c, and K are assumed to be functions of z. We can also make a distinction between
sources arising from external sources (laser, etc.), and those from internal sources (perfusion, etc.), so that A(z, r; t) =

A,(z, r; t) + AE(z, r; t)

Currently, three separate surface boundary conditions are modeled; convection, radiation, and evaporation. They are
represented by the following equations:

Convection:
dv

K- = -hc(Too - T) (2)
dz

Radiation:

dv -0-(T 4 -T4) (3)8z

Evaporation:
dv

K- = -vap(T, Too, RH) (4)dz

where h, is the convective heat transfer rate, c- is the Steffan-Boltzmann constant, and E is the emissivity of the tissue. T
is the ambient temperature of the environment, and T is the tissue temperature at the surface, both in Kelvin. Q vap is a
heat loss function of surface temperature, ambient temperature, and ambient relative humidity due to evaporation. 15,16 A
particular simulation may use these boundary conditions individually or in combination.
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2.2. Numerical Solution

Equation I can be represented with a finite difference equation as follows:
V ,. 1- - V .. _ v ]
irj -- j~j i,j~l ij-(5

Pic'. K (5)
-iit~lI r1  rj+I  r 1 J

+ 2KI i i 1 - 1

rj+ - rj-1 I rj+l rj rj -rj_ 1

2Ki I+lj - 0 V!.
+ Kj -

Ij
Zi+ I - Zi- I Z i+l I i Zi -Zi-I

Ki+ I- Ki- I i!+lj " ilj A
zi+ I - Zi- I Zi I-zi-l I A i j

Here the indicies i, j and n represent points in z, r and time, respectively, such that if we have spacial and temporal steps;
dz, dr, dt, then

Zi = i -dz

rj = j.dr

t, = n • dt

and
Vi 1.j = v(z, r; t) = v(i. dz, j. dr; n. dt)

At the surface boundary, z = 0, the terms at i - 1 = - I in Equation 5 are not known. To handle these points the boundary
condition equations 2 - 4 are written in their finite difference form. Noting that the boundary condition equations are eval-
uated at i = 0, we have:

Convection:
VI j - V_ j

K h, (T. - To) (6)
z1 - z-1

Radiation:
K I - -I e o (T - T) -o -eT(T-To) (7)

Zl -Z-I

Evaporation:
Kvlj - V-j =_ Qvap (To, To, RH) (8)

Zi - Z-I

The radiative boundary condition in Equation 7 is linearized by the approximation (T4 - T4 ) 4Tw, (T,. - To). These
equations can be used to solve for the unknown points at i - 1 = -1 and substituted into Equation 5.

3. RESULTS/DISCUSSION

3.1. Equilibrium and Initial Conditions

We should clarify a few of the terms we will be using in our descriptions. When talking about surface boundary conditions,
we mention ambient conditions. These are the conditions of the environment, specifically the temperature and relative
humidity of the air outside the tissue. Initial conditions refer to the initial temperature distribution within the modeled
tissue when a simulation begins. The equilibrium temperature distribution, or equilibrium state, is the time-independent
temperature distribution throughout the tissue that is reached if the model is run out to long times*. The equilibrium
temperature distribution depends on both the boundary conditions, and the source term. When we talk about the equilibrium
state, we are referring to the case with no external source term (A E = 0).

STypically hunderds of seconds
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We have the ability to load an initial temperature distribution into the model before a simulation begins. By default,
the initial temperature distribution is one uniform temperature across the entire tissue. Typically, the front boundary is
configured to be a surface, while the back side acts as a sink (AT = 0), so that the tissue temperature is held to the initial
baseline temperature at the back boundary, but is allowed to cool at the front surface boundary. We can run a simulation
without laser exposure for a sufficiently long time, until the tissue cools to it's equilibrium state, and load this temperature
distribution as an initial condition for subsequent simulations.

Laser exposures are simulated by calculating the source term A E generated by the laser, and inserting it into Equation
5. With the typical configuration described above, heat reaching the back boundary is removed from the system. Generally
this is not desired, so the back boundary is set far enough away from the front surface that heat will not reach it within the
simulation time.

3.1.1. Surface Temperature and Axial Temperature Gradient

If the system is not in a semi-equilibrium state before the laser exposure is simulated, the heat generated by the laser can
be less than the heat lost at the surface boundary. With a negative net heat at the surface, no surface temperature rise will
be calculated. Initial conditions therefore play an important part in correctly predicting the surface temperature rise.

The body has a core temperature of 370 C, while the surface temperature of the skin has been reported to be between
28 0and 350.17 If the tissue temperature is initially set to 370, then the surface temperature should cool to somewhere
between 28 °- 350, and there will be a temperature gradient through the tissue.

The one-dimensional case gives an idea of what this temperature gradient looks like. If the r boundary is sufficiently
far away, the axial temperature distribution at r = 0 can be treated as a one-dimensional problem. Now, if there is no blood
flow, or other source of internal heat generation, the equilibrium temperature distribution is described by the Laplacian:

V2v = 0

where we are only looking at a single, homogeneous tissue. In one dimension, this becomes:

d2v
- = 0 (9)dz2

The solution to Equation 9 is a straight line. However, if the tissue has a blood flow through it, the effect of the blood can
be approximated by a source term of the following form: 14

Ai(z, r; t) = ycv

where y is the blood flow rate and c the specific heat of the blood. Equation 9 is modified to the following form:

d2v
K- + Ycv = 0 (10)

and the solution is:
v(z, r; t) = A (el z + e -8z)  (1

where A and /3 are constants determined by the boundary conditions.

Looking at a purely convective surface boundary (Equation 2) on the front surface, with the back surface set to a sink,
a typical axial temperature distribution is shown in Figure 2 for a baseline tissue temperature of 370 C and an ambient
temperature of 20' C, where the surface boundary condition is at z = 0, and a sink is at z = 2. Solutions to both Equation
9 and Equation 10 are shown. As expected, the surface of a non-perfused tissue will cool to a lower temperature than that
of a perfused tissue. The equilibrium surface temperature depends on the ambient conditions, but we would expect the
thickness of the tissue to also affect the surface temperature, since the back boundary is essentially an infinite heat bath
from which energy can enter or leave the system as needed.

t Here we have used a convective heat transfer rate, k representative of a "wet" surface, effectively simulating cooling due to
evaporation. When the evaporative boundary condition is modeled, an k term corresponding to a "dry" surface is used.
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3.1.2. Effect of Tissue Thickness

Figure 3 shows the surface temperature as a function of tissue thickness for both Equations 9 and 10. Equilibrium surface
temperature decreases as the back boundary, held to a constant temperature, is moved away. The surface temperature
approaches a limit which is the minimum temperature the surface would cool to if the tissue were infinitely thick. For the
non-perfused tissue described by Equation 9, this limit is just the ambient temperature. For a perfused tissue, the limit
depends on the thermal properties of the tissue, blood, and the specific boundary conditions.

We define the "critical thickness" to be the tissue thickness at which the equilibrium surface temperature is within 1%
of the surface temperature of an infinitly thick tissue. With this definition, the critical thickness of the two cases shown in
Figure 3 are 1.35 cm and 132 cm for the perfused and non-perfused cases respectively. The non-perfused critical thickness
is much larger than the scale we are interested in modeling.

Even though the surface temperature becomes constant past the critical thickness, the axial temperature distribution
within the tissue cannot be the same. Figure 4 shows the axial temperature distribution at equilibrium for tissue thicknesses
of 2 and 6 cm. The thickness are much smaller than the non-perfused critical thickness, so the equilibrium states are
drastically different. The 6-cm tissue's temperature is 13% lower than the 2-cm tissue at the surface and 25% lower at 2-cm
tissue thickness. However, the two perfused tissue temperature profiles look essentially the same, and in fact the difference
in temperature between the 2-cm and 6-cm perfused tissues is never more than 0.5%.

Figure 4 illustrates the importance of perfusion when modeling surface boundaries. In non-perfused tissues, the equi-
librium state is significantly affected by the tissue thickness. It is not sufficient to configure the model to some arbitrary
thickness, because this will ultimately impact the final results. However, for perfused tissues, the equilibrium state is vir-
tually unaffected past the critical thickness for the given boundary conditions. This is especially true if we are modeling
highly absorbed wavelengths (See Section 3.2.1), where most of the energy is being absorbed within the first millimeter or
so. The equilibrium state is effectively the same for the 2 cm and 6 cm tissues over the penetration depth of the wavelength.

If the actual thickness of a perfused tissue being modeled is greater than the critical thickness, then any model size
larger than the critical thickness will suffice in representing the tissue. Or, perhaps more useful, a thick tissue with blood
flow can be sufficiently represented by it's critical thicknessl.

3.1.3. Effect of Ambient Conditions

The equilibrium state of the system depends on the surface boundary conditions, which in turn depend on the ambient
temperature through convection and evaporation; the relative humidity through evaporation; and the emissivity of the
tissue through radiation. Of these three, relative humidity and ambient temperature have the largest effect. Figure 5
shows how the equilibrium surface temperature is affected by the ambient temperature at various humidities. Typically, the
environment is modeled to be 20'C with 50% relative humidity, which gives a surface temperature around 32.3'C. This
compares to the literature. 17

3.2. Damage Threshold Predictions

Tissue damage is modeled by the Arrhenius damage integral:

Q(z, r; r) = A exp ( -E, )dt (12)

where R is the universal gas constant and T is the temperature measured in Kelvin. A is a normalization constant and
Ea is the action potential specific to the tissue. Values for A and E0 can be found in the literature. 14 For modeled tissue
representative of skin, we used A = 3.1 x 1098 and Ea = 6.28 x 105. Damage is usually defined as f = 1, which
corresponds to irreversible thermal damage. 14 These parameters give results that compare well with previous modeling
efforts, and experimental validation. "1

tAs mentioned earlier in this section, this is not true if heat will reach the back boundary within the simulation time.
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3.2.1. Linear Absorption and Thermal Response

The source term AE(z, r; t) in Equation 1 is calculated using Beer's Law:

AE(z, r; t) = 10(r; t)/,a (z, A) e- a(zA) z (13)

where pa is the linear absorption coefficient, specific to a tissue and wavelength, and 10 is the incident irradiance distribu-
tion§.

Surface boundary conditions impact the tissue's thermal response in two ways. First, they control the rate at which heat
is allowed to leave the tissue at the surface, and will change the surface temperature rise for a given exposure. Secondly,
they affect the equilibrium surface temperature. Figure 6 shows the maximum surface temperature rise of four simulations.
Two cases were run with the default initial conditions, constant uniform tissue temperature. One was run with low ambient
temperature and relative humidity, 10C and 10%, the other with high ambient temperature and relative humidity, 30'and
90%.

The other two cases in Figure 6 were run under the same ambient conditions as the two cases described above, but with
an equilibrium initial condition.

3.2.2. Effect of Initial/Ambient Conditions on Damage Predictions

Figure 7 shows predicted damage thresholds as a function of absorption coefficient for a typical boundary condition con-
figuration at three different exposure durations, I uts, 0.1 s and 10 s. Core temperature was assumed to be 37 'C, with
an ambient temperature of 20 'C and 50% relative humidity. Initial conditions were the equilibrium state. For a given
exposure duration, damage threshold's generally decrease as the absorption coefficient increases. But, as shown in Figure
7, for a given exposure duration, there is a point where increasing the absorption coefficient no longer decreases the damage
threshold. This point occurs at lower absorption coefficients for longer exposure durations.

Figure 8 is a comparison of the 10-second exposure predicted damage threshold for a perfused and non-perfused
configuration with equilibrium initial conditions, as well as a perfused configuration with the default initial conditions
(uniform temperature). All cases use the same ambient conditions (those used in Figure 7), but have completely different
initial conditions as discussed in Section 3.1. Damage thresholds are about 25% higher in the non-perfused tissue than the
perfused tissue, under the same ambient conditions. On the other hand, modeling a perfused tissue, but not loading the
equilibrium initial conditions gave damage predictions that were 13% lower.

Assuming that the modeled tissue does have a blood flow, damage predictions can still be affected by different ambient
conditions, although the effect should not be as large as the difference observed in the perfused/non-perfused cases. We
ran simulations over a range of ambient conditions, and the two sets of conditions that gave the largest deviation from the
conditions modeled in Figures 7 and 8 were 10 'C ambient temperature with 10% humidity and 30 'C with 90% humidity.
Figure 9 pictures the typical ambient condition configuration along with the two extreme cases described. The 'warmer'
climate (30 'C, 90% RH) lowers the damage threshold by -10%, while the 'colder' climate raises the threshold -7%'.

4. CONCLUSIONS

The work presented here demonstrates the interplay between surface boundary conditions, ambient conditions, tissue
properties, and initial condition assumptions in the modeling of thermal damage to tissues from infrared or THz exposures.
Care must be given to the selection of computational space dimensions such that the effects of perfusion are properly
accounted for in both heating from surface heating exposures, and in the construction of a physically correct initial state of
temperature distribution. In addition, the effect or role of each of these is demonstrated to vary as a function of exposure
time.

General conclusions which can be drawn from this work are important to the analysis of modeling of damage thresholds
for the purpose of establishing exposure limits. First, surface ambient and surface boundary conditions create minimal
variations in predicted thermal response as a function of absorption depth in the tissues. This means that little variation in
damage threshold can be anticipated with variations of exposure wavelength, or with variation of the ambient conditions
during the exposure. A maximum variation of approximately 30 percent is seen in this preliminary analysis.

tScattering is not currently considered in the model
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Accurate representation of perfusion within the tissue is important beyond the commonly accepted assumption that it is
only important for exposure durations of greater than about 10 seconds. In fact, the perfusion effects in the establishment
of initial steady-state temperature distributions within the tissue is important even for short pulse durations. Perfusion
rate and distribution affects the axial temperature distribution to which the tissue propagates during a time-dependent
simulation, and determines the volume of tissue which must be heated in order to overcome the near-surface ambient
cooling. A variation of nearly a factor of two was seen across the absorption coefficient range examined, depending upon
the assumptions regarding initial and ambient conditions in the model.

Finally, a secondary outcome of this work is the discovery that the variation in absorption coefficient will affect trends in
damage thresholds as a function of exposure time. Our modeling predicts the transition from a regime in which a standard
action spectrum model to one which requires a more detailed thermal analysis. For example, a 10-second exposure can
only be represented by a standard action spectrum for absorption coefficients up to about 10 cm -, while shorter exposures,
shown in Figure 7, can extend the accuracy of the action spectrum analysis to about 100 cm- 1 . This trend continues until
the condition of Mixon-Roach is met for times much less than the thermal diffusion time. At high absorption coefficients,
thermal diffusion begins to cause effects even at relatively short times. This happens because all of the energy is absorbed
in a small volume, very close to the surface, and a steep temperature gradient is generated. Heat flows into the tissue, and
the rate at which it flows is determined by the temperature gradient in the tissue. When the absorption coefficient decreases,
the temperature gradient generated in the tissue becomes smaller as the energy is deposited over a larger volume. With a
smaller temperature gradient, heat travels into the tissue slower, and it takes longer for the effect of diffusion to set in.
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Table 1: Symbols used through out the paper.

T Temperature [K]
T. Ambient (Air) Temperature [K]

v Relative Temperature Rise [K]
A Source Term I
1o Irradiance [W]
p Density [ -3]
y Blood Flow Rate[ @]

c Specific Heat ],,"CI

K Conductivity scn7C]

hc Convective Heat Loss Rate [_-- -7c]
c Emissivity
o- Steffan-Boltzmann Constant []

Qvp Evaporative Boundary Heat Loss Function [ ]
p,, Linear Absorption Coefficients [ ]
A Wavelength [m]
f9 Damage Integral
R Universal Gas Constant[ M[e]

A Damage Normalization Constant [ole]
E, Damage activation energy [1]
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Figure 2: Axial equilibrium temperature distribution in a perfused, and non-perfused tissue.
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Figure 3: Equilibrium surface temperature as a function of tissue thickness for a tissue with a surface boundary
at the front, ambient temperature of 20 'C, and the back boundary held to 37 'C. Temperature goes down as
the sink boundary condition is moved back.
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Figure 4: Equilibrium temperature distribution in perfused and non-perfused tissues of various thicknesses.
Although difficult to see, there are two perfused cases shown.
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75 01° C, 1'0% '30°0C, 90% ......... .......... -- ;

70 100 C, 10%3Q0 C, 90%

65

60

.55

CL 50.....
E

I- 45

40

35 ---2

30
-2 0 2 4 6 8 10 12 14 16

Time (s)

Figure 6: Surface temperature response to 2W/cm2 exposure for various boundary conditions and ambient
temperatures. The tissue was modeled with a blood flow, a surface boundary at the front, and the back boundary
held to 37 'C.
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assumed to be 37'C with an ambient air temperature of 20'C and 50% relative humidity.
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Figure 8: Effect of initial conditions for perfused and Figure 9: Effect of ambient conditions on damage
non-perfused tissues on damage threshold predictions threshold predictions for 10 second exposure. Ambi-
for a 10 second exposure. Ambient conditioned were ent conditions were 20 0C and 50% humidity with 37
modeled as 20 0C and 50% humidity, and core temper- 'C core temperature.
ature of 37 'C.
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